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(54) Rscher-tropsch process with a multistage bubble culumn reactor 


(57) Process for the optimum operation of a slurry 
bubble column reactor in the presence of a gas phase 
and a liquid phase, particularly for the Fischer-Tropsch 
reaction, characterized in that: 


1) the process is carried out in a number of stages 
in series of > 2; 

2) the flow conditions of the gas phase and liquid 
phase containing the solids are essentially plug 
flow conditions, with a gas rate of between 3 cnrVs 
and 200 cnVs and a liquid rate of between 0 and 10 

cm/s; 

3) the concentration of solids in each stage is 
essentially constant and equal for each single 
stage, and is between 5 and 50% (vol.A^ol ). 
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Description 


The present invention relates to a process for optimally carrying out a three-phase reaction (sold, liquid and gas), 
with the use of a bubble column reactor with a number ot stages equal to or greater than two 
s in the above bubble column reactors, the solid particles are maintained in suspension ,n the liquid by means of gas 
bubbles intrcxJuced near the lower part of the column. 

The ^oVess ot the present invention can be particularly applied to the process for the production of^sent^Ny hn^ 
ear and saturated hydrocarbons, preferably having at least 5 carbon atoms in their -^^l^^^^'^' ^^^V n.l« 
LnJ^esis gas C0-(C0,)-H2, or the mixture of CO and H^. and possibly 00^, according to the F.scher-Tropsch process 
' The p!^ess of the present invention can be even more particularly applied to exothermic reactions which take 
Diace at relatively high temperatures, for example over 100C. ^ , , „ c;.^h=r 

EP-A-450.860 describes the conditions for optimally carrying out a three-phase reaction, particularly a Fischer- 
TroDSCh reaction, in a bubble column reactor ^ ■ „ 

The disclosures of EP-A-450.860, based on the hypothesis that there is a single phase, basically relate to the 
greaLrconTenienceofplugflow(PF)condrtionswithrespecttoconpletem,^ 

'"''Sntl'S^T^^^^^^^ 

larqe bubbles, with dimensions comparable to those of the reactor (slug flow). „„ , cinnio 

E«nple 1 of EP'860 shows that PF is better than CSTR, but the compareon ,s earned out considering a single- 

In Sy'the disclosure of EP'860 is defective in that it does not fully represent the complexi^ of the three-phase 
svstem in Edition EP'860 does not provide the necessary attention to the problem of thermal exchanges, a particularly 
sianrticant problem in the case of exothermic reactions such as in the case of the Fischer-Tropsch process. 
' ATocei has now been found for the optimum operation of a bubble column reactor which overcomes the above 

'"'^ra'Sordance with this the present invention relates to a process tor the optimum operation of a slurry bubble col- 
umn "aSt is plence of a gas phase, a liquid phase and a solid phase, particularly for the Fischer-Tropsch^^^^^^^^ 
tion which involves the formation of prwalentiy heavy hydrocarbons starting from gas mixtures comprising CO and Ha 
in the presence of suitable catalysts, characterized in that: 

1 ) the process is carried out in a number of stages in series of ^ 2. preferably from 2 to 5. even more preferably from 
3 to 4, the temperature in each stage being controlled independently; 

2) the ftow corSitions of the gas phase and lk,uid phase containing the suspended sold are f^emjallyp^ug 
conditions with a superficial gas velocity of between 3 cm/s and 200 cm/s, preferably from 5 to 100 cnVs. even 

3s nS^re preLbly fron. 10 to 40 cm/s and a superficial liqud velocrty of between 0 and 10 cm/s, preferably from 0 to 
2 cm/s. even more preferably from 0 to 1 cm/s; . . , . a -^ k^^^^n <; 

3) the concentration of solid in each step is essentially constant and equal for each single stage, and ,s between 5 
and 50% {vol.^ol.). preferably from 1 0 to 45% v/v. even more preferably from 25 to 40% v^. 

■independent control of the terperature in each stage" indicates the possibility of obtaining a constant or variable 
axial tTm^rature profile. In the preferred embodiment the temperature profile is constant in each single stage and 

"""'nCSsTof the present invention the^^ 

each sSe stage The quantity of solid which is transported upwards from the liquid phase and then ted to the subse- 
grentSseJLpensated by that comingfrom the previous stage a^ 
Inuompriserthe extraction Of the liquid produced^us*^^^ 

to the extreme top of the column; this stream draws the suspended solid which will be separa ed <^orn the hquid phase 
(pSyortotalW and recydedtothebottom of the column in the form of solids 

The recycled product can also be partitioned and fed to the intermediate stages ,^„Mi„n nf rn 

in the pr Jerred embodiment of the present invention, i.e. in the synthesis of hydrocarbons va the '«^;^^" °* ^0, 
at least part of the solid particles consist of particles of a catalyst selected from those, well known by experts .n the f leld^ 
ormSly us^ 0^ cataly^ng this reaction. In the process of the present invention any catalyst of the F-scher-Tr^sch 
yTei in be used particularly those based on iron or cobalt. Catalysts based on cobalt are preferably used^n 
Sthe S^aKispresentinaquantity which is sufficienttobecatalytically active for the F.sc^ 
ToTeL^Salt can normally be at least 3% approximately, pre^^ 

rom 0 to 3ol by weight, with reference to the total weight of the catalyst. The cobatt and possible Promoters are d^^ 
peSi in a carrier, for example silica, alumina or titanium oxide. The catalyst can contain other oxdes, for example 
Si «e, earth-alkaline, rare-earth metals. The catalyst can also contain another metal which can be active as 
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F,scher-Tropsch catalyst, for example a metal of groups 6 to 8 of the periodic table of elemer^ts, such as ruthenium or 
,t can be a promoter, for example molibden. rhenium, hafnium, zirconium, cerium or uranium. The metal promoter is 
Usually present in a ratio, with respect to the cobalt, of at least 0.05:1 , preferably at least O.t .1 . even more pre.eratty 

fromO.l:! to 1:1. _ ^ 

The above catalysts are generally in the form of fine powders usually having an average diameter of between 1 0 
and 700 iim preferably from 10 to 200 ^m, even more preferably from 20 to 100 ^m. The above catalysts are us^ in 
the presence of a liquid phase and a gaseous phase In the case of Fischer-Tropsch, the lK,uid phase co;«,st of 
anyVnert liquKl, for example of one or more hydroca*ons having at least 5 carbon atori.s per -^-^^f ^^^^J^f 
liquid phase essentially consists of saturated paraffins or olefinic polymers having a boiling point higher than 140 C 
-, approximately preferably higher than about 280°C. In addition appropriate liquid media can consist of paraffins pro- 
duced by the Fischer-Tropsch reaction in the presence of any catalyst, preferably having a boiling point higher than 
350°C approximately, preferably from 370°C to SeO'C. 

The charge of solids, or the volume of catalyst with respect to the volume of suspension or diluent, can reach up to 

50% preferably from 5 to 40%. , u j i . ^ a, 

5 in the case of Fischer-Tropsch, the feeding gas comprising carbon monoxide and hydrogen, can be diluted with 
other, denser gases up to a maximum of 30% in volume, preferably up to 20% in volume, usually selected from nitrogen, 

methane, carbon dioxide. ^ 4U u ♦t,^ 

The feectng gas is normally introduced into the bottom of the first stage of the reactor and passes through the 
stages up to the top of the reactor. The use of higher quantities of inert gaseous diluents does not only limit the produc- 
'0 tivity, but also requires costly separation stages to eliminate the diluent gases. n^n^raiiv 
The conditions, particularly of temperature and pressure, for synthesis processes ° V^yd75,\'^T',«n„^TI^? 
well known. However in the process of the present invention the temperatures can range from 1 50 C to 380 C pr^er- 
ablv from ISO'C to 350»C, even more preferably from 190°C to 300°C, The pressures are generally higher than O.S MPa 
approximately, preferably from 0.5 to 5 MPa, more preferably from 1 to 4 MPa. An increase in temperature with the 
other parameters remaining the same, generally causes an increase in productivity: however, in the case of Fischer- 
Tropsch, the selectivity to methane tends to increase and the stability of the catalyst to decrease with an increase in 

'^TsS as the ratio between hydrogen and carbon monoxide is concerned, this can vary within a wide range. 

Although the stoichiometric ratio H2:C0 for the Fischer-Tropsch reaction is about 2.1 :1. most processes in suspen- 
se sion use relatively low H2:C0 ratios. In the process of the present invention the ratio W^ZQ is from 1 :1 to 3:1 . preferably 

from 1.2:1 to2.5:1. ^. ^ . , 

The process of the present invention is illustrated hereafter with reference to figures 1 to 7. 
Figure 1 shows the temperature profile (T in Kelvin degrees) along the axis of the reactor in adimensional co-ordi- 
nates (0 in the column reactor considering plugflow conditions for both the gas and the liquid/solid suspension and with 
35 a given spectfic surface of thermal exchange per unit volume (a«). The operating conditions are: ^"-Jf ^^^^ll^^^ 
gas at the inlet of the reactor, U' = 0.30 m/s; volumetric fraction of catalyst in the suspension, = 0.35, temperature at 
the inlet of the reactor, T - 513 K. In this figure the continuous line represents the temperature profile with a« = 30.5 
whereas the dashed line represents the average temperature in the reactor = 513 K. 
Figure 2 shows the temperature profile in the column reactor considering plug flow conditions for brth the gas ai^d 
*c the liquid-solid suspension, comparing the ideal isothermal case and the actual case. The operating conditions are: U 
- 0 30 1 = 0 35 T = 508.2 K maximum limit temperature inside the reactor, = 513 K, The continuous line rep- 
resents the actual case with = 32 m^W whereas the dashed line represents the ideal case. 

Figure 3 shows the conversion profile of the syngas in the column reactor considering plug flow conditions for both 
the gas and the liquid-solid suspension, comparing the ideal isothermal case and the actual case The operating con- 
« ditions are: U' = 0.30 m/s: ^ = 0.35: T' = 508.2 K; T-" = 513 K. The continuous line represents the actual case with a 
- 32 m^/m^ whereas the dashed line represents the ideal case. 
" Figure 4 shows the conversion of the syngas (X) in relation to the superficial velocity of the gas at the 'niet of^ 
reactor (U') and the number of stages (N). For all the tests D = 7 m: H = 30 m: T = 513.2 K: P = 30 bars: (H^/CO) feed 

50 " ^' Figure 5 shows the relative productivity (Pr) in relation to the superficial velocity of the gas at the inlet 'he reactor 
(Ui and the number of stages (N). The base case refers to N = 1 , U' = 0.10 m/s. For all the tests D = 7 m: H = 30 m, T 

^ ^'ngu^e 6 sfS^fthe !nSe in the^s^ecific surface of thermal exchange per unit volurne relation to 

the supertcial velocity of the gas at the inlet of the reactor (U) and the number of stages (N). For all the tests D = 7 m, 
55 H-30mT = 513 2KP = 30bars;(H2/CO)feed = 2. 

■ Figure 7 shows the partrtion of the specific surface of thermal exchange per unit volume among the various Sag^ 
(ap) in relation to the number of stages (N). For all the tests D = 7 m: H = 30 m: T = 51 3.2 K; P = 30 bars: (H^/CO) feed 
= 2: the figure refers to a superficial velocity of the gas U' = 0,30 m/s. 
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20 


alized two-phase model, in which a first phase ca led ^' f ^ J the liquid phase in which the 

reactor ir. the torm of large bubbles The secor^d ( ^ P^^^^^ .^^.^^'^^ sTaS ^he large 

panicles of solid are suspended and the remaining gas fraction .fj^"™ ^eing ,n plug flow. The 

bubbles, having a greater rise velocity than the srna^ ones, can be ^"^^^^^^^^^ on 

-^SX^X^'^^ rhSoTeneous cond^ions. it can be observed that J ,s again desirable and 
.ore '^^viS to have'plug flow conditions not only tor the ga^^^^^^^^^^ 

,n exothermic processes, like the Fisoh«^-^'°P^; ^^^^^^^^^^^ In Fischer-Tropsch 

vantage of having thermal profiles in the column, i.e. 't'^^^^'^'^.P^"'^^,^^^^^^^^^^ « it d rectlv intluences the selectivity 
type processes, the operating temperature c<x,tr^^^^^^^^^^ l^J^STer I^^^^^ harmful for it. 

ot the reaction; it is also important to prevent the catalyst '^o"] ^I' J ^ ,^ ^.^^ ,e, of tube-bun- 


5 face of the reaction column. ^^nH.+innc and oeometrv of the reactor, the comparison 

r:s=::rrssr^:irr— ^^^^ 

. .<= oin„,i=.*innthP <;lurrv column With the CSTR model for the liquid and PF for the gas, 

Consequently from example 5, simulating the skjrry ,he same total reaction 

rmrre:==^ 

.eloSofthe^gS I^econversion inthe '^^'^or .eor^^^^^^^^ ^,,3, 
This behaviour can be explained if we consider that he '^^^^ °" 'f^f.^;^'; '"^^^^^^^^ Lid phase, concentration 
(CSTR). AS a result, the reaction rate '^^P-^/ ^^^^^^^^^ of the reagents in 

which is higher for smaller conversions of the reagents. In other consequently in the case of the classical 
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25 


^^^^^^^^^ 

calculated per unit volume. Figure 6 co^^Pa^^^jhese valu^ in ™n i ^ 
ityofthegas can be observed thai the specrfic exchange surfecea^^^^^^ « 
tion to the increase in conversion induced by the ^^^^^^ 'f" ^^^f^^^^^^^ 

conditions along the reactor, or in each stage, the heat ^^^f "^^^^fg'^^^J^ti^^^^^^ exchange surface area is 

r^rraSraC^^^^^^^^^^ 

rt following examples are provided for a better understanding of the present invention. 

EXAMPLE 1 : Comparison between different Ideal models of three-phase column reactor operating in the 
homogeneous re^me. applied to the case of the Rscher-Tropsch synfhes.s. 

TO describe the behaviour of a three-phase column reactor operating in the homogeneous regime a, least three ^eal 

models can be identified: 

1 a model in v-hich both the gas phase and the liquid phase, containing the suspended solids, can be considered 
as being completely mixed (CSTR). material balance in the gas phase; 


material balance in the liquid phase: 


wherein: 


40 


Qg = volumetric flow rate of gas at inlet of the reactor; 
Qq = volumetric flow rate of gas at outlet of the reactor; 

= volumetric flow rate of liquid at inlet of the reactor; 
Q, = volumetric flow rate of liquid at outlet of the reactor; 

c t = molar concentration of the reagent i in the gas phase at tfie f Yr^^^^^^ 
L = molar concentration of the reagent i in the gas phase at ^^^^ outlet of he r^c^^^^^ 
c? - m^ar concentration of the reagent i in the liquid phase at the inlet of the reactor, 
C r^otr "ncentration of the reagent i in the liquid ^^J^^f j ^ 
(k'a). = gas-liquid volumetric mass transfer coefficient referred to the reagent 
H, = Henry constant refen'ed to the reagent i; 
cl = hold-up of the suspension (liquid plus solid); 

R^^'rXTi Of the reagent i In liqu'. phase re.err«i to the vdume of non-aerated suspension, 

i = H2. CO. 

AS the reaction rate takes place with consumption of the number 0. moles, to take account o, the volumetnc con- 
traction of the gas: 
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is introduced, wherein: 

X = conversion of the synthesis gas; 

tt = contraction factor = 1 - Q(X^1)/Q(X^0). 

2 A model in which it is assumed that only the l.qu.d phase, containing the suspended solid. '^^ ^^^^^^^ 
IcsXT.^^^^^^^ gaseous phase flows in the column in plug flow (PF): material balance .n the gas phase, 

material balance in the liquid phase: 


wherein; 

uq = superficial velocity of the gas; 
z = axial coordinate of the reactor; 
A = free section of the reactor; 

H = height of the aerated suspension (liquid plus solid plus gas). 
3. A model in which both the gas phase and the liquid phase, containing the suspended solid, are con^dered as 
being in plug flow within the column (PF): 
material balance in gas phase: 


material balance in liquid phase: 


45 wherein: 

Ul = superficial velocity of the liquid phase. 
The liquid phase, containing the suspended solids can be under batch conditions or have a cocurrentflow ^th the 
5C gas streann fed to the reactor from the bottom of the column. conditions, 
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Table 1 


2C 


30 


40 


Reactor dimensions 

Diameter 
Height 

7m 
30 m 

Operating conditions 

Temperature 
Pressure 

Composition of inlet gas 
Assumed contraction factor 
Inlet gas velocity 
Inlet liquid velocity 

Solid concentration (volume fraction) 
Density of suspension (liquid + solid) 

240X 
30 bars 

H2/CO = 2 (+ 5% inert products) 
a = - 0.638 
12.5 cm/s 
1 .0 cnVs 

0.20 
728 kg/m^ 

Results of nxxiels: 

1 

2 3 

Conversion of the synthesis gas 

74% 

85% 95% 


Table 1 Cear, shows the gain In conversion o^-in^i by sh.l^ 
:;arcoH. the Lver^on reached, under the same conditions, is the maxrmum one. 

EXAMPLE 2: Comparison between different Ideal models of three-phase column reactor operating in the het- 
erogeneous regime, applied to the case of Fischer-Tropsch synthesis. 

This case as Se previous example, the resutts obtained with three different ,deal mod^s were compared. 
Srr,S,sllm.r»cto.i.«fo,mo.l..9.bol««:™t«»lb-»no.»9..pl»stW^^ 


material balance in liquid phase (dense phase): 


2. A model in which the diluted phase is in plug flow (PF), whereas the dense phase, including the fraction of small 

bubbles, is completely mixed (CSTR): 
material balance in gas phase (diluted phase); 
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d((UG - large,/) _ ^^ [^ G la rye,/ 
— - L^}\aigei\ f-j ^ 


material balance in gas phase (small bubbles in the dense phase): 

0 \ /L \ ( ^G. small. i \ 

material balance in liquid phase (dense phase): 

O^L-Q.c, = -A|(.,a),,J^^^^^ 


wherein the subscripts large a^ small refer to the gas contained in the large bubbles and the gas contained in the 
small bubbles, respectively, whereas: 

= superficial velocity of the gas in the dense phase; 
(UQ-Udf) = superlicial velocity of the gas in the diluted phase. 

For all the other symbols the definitions indicated in example 1 are valid. ^ . , ,ony 

3. A model in which both the diluted phase and the dense phase are assumed to be in plug flow (PF). 
material balance in gas phase (diluted phase): 


dz 

material balance in liquid phase (dense phase): 

diUiCi^-i) 


Also for this example the same assumptions made for example 1 are valid, i.e. the k,u,d P^fse containing the sus- 
oendS sond can be batch or in a cocurrem flow respect to the gas stream fed to the reactor bottom; the co-^ar- 
E,n blt^in me ierent models is carried out adopting the same total reaction volume and operatng cond^ons^ 
asimtTgt therl coi^ifons; the Kinetics refers to a standard catalyst based on Cobalt; the solid « conside^ 
TsSg uni?ormly distributed within the whole length of the reactor. The calcutetions are made using the same ca^ 
cSlSprograms used in example 1 The geometry of the reactor, the operating condrtions and results obtained 
are shown in Table 2. 
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Table 2 


2C 


Reactor dimensions 

Diameter 


7m 


Height 


30 m 


Operating conditions 

Temperature 


240°C 


Pressure 


30 bars 


Composition of inlet gas 

H2/CO = 2 (+ 5% inert products) 

Assumed contraction factor 


a - - 0.638 


inlet gas velocity 


30 cm/s 


Inlet liquid velocity 


1 .0 cnVs 


Solid concentration {volume fraction) 


0.35 


Density of suspension (liquid + solid) 


794 kg/m^ 


Results of models: 

1 

2 

3 

Conversion of the synthesis gas 

89% 

87% 

98% 


25 


Obtained with an Internal cooling system. Application to the F.scher-Tropsch synthesis. 

The assumption o. Isothermicily for the three-phase ^^^^^"^^^Z^S^^^^^^ 
both the gas phase and liquid phase, "'"^-"'"^^^^^ ^^^f "J^,^^^^^^^^ Ta^r.L profile may be 

tions are considered. Even if the heat ,s removed by '"^7^^' ! properties of the 

duced: 


4G 


dT 


.[•AH) 


co^co 


45 wherein: 


Cp SL = specific heat of the suspension (liquid plus solid): 


PSL = density of the suspension (liquid plus solid) ; 
T = temperature inside the reactor; 
50 \ = temperature of the cooling fluid; 

h^ = overall heat exchange coefficient; 

= specHic exchange surface area per unit volume; 
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stant. 


Tables 


Additional operating conditions. 

Temperature at inlet of the reactor 

240°C 

Temperature of the cooling fluid 

230**C 

Overall heat exchange coefficient 

0.39 kcal/m^sK 

Specific exchange surface area per unit volume 

30.5 m^/m^ 

Heat of reaction referred to the reagent CO 

-41,09 kcal/mol CO 


P^ftMPL E 4- Temoerature profile In the three-phase column reactor in the case that both the gas phase and the 
20 tor, Is established. Application to the FIscher-Tropsch synthesis. 

tions to bring the profile described in figure 1 (curve A) below the temperature hm.t. 


Table 4 


30 


40 


New operating conditions: 

Temperature at inlet of the reactor 

235*'C 

Temperature of cooling device 

230^C 

Overall heat exchange coefficient 

0.39 kcal/m^sK 

Specific exchange surface area per unit volume 

32 xr?lTr? 

Heat of reaction refen^ed to the reagent CO 

-41 .09 kcal/mol CO 


gas is reduced to 93% 
stages. 
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tor obta-ned with a vary.ng number o1 stages was .ade for ^'^erent super^^^^^^^^^^ ja. th. exa^ 

,s assumed that the distar.ce between the separating means ,s constant. ,.e. that alt the stages have the same g 
The operating conditions are described in table 5. 


Table 5 


25 


Dimensions of the reactor: 

Diameter 

7m 

Total height 

30 m 

Number of stages 

1 - 10 

Operating conditions; 

Temperature 

2WC 

Pressure 

30 bars 

Composition of gas feed 

Hg/CO = 2 (+ 5% inert products) 

Assumend contraction factor 

a = -0.638 

Inlet gas velocity 

10-40 cm/s 

Inlet liquid velocity 

1.0 cm/s 

Solid concentration (volume fraction) 

0.35 

Density of suspension (liquid + solid) 

794 kg/m^ 


so 


55 


reacted with the same operating conditions and geometry of the column. 

EXAMPLE 6- Multistage reactor in which the gas phase is considered as in plug flow in each ^t^^ *f«reas 
ume. 
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..e.orrno,adlag.a..T.esa.edlstr.ut,ononheheat exchange s^^^^^ 

velocities. 


Tables 


Number of stages 

aR 



Ntot=^ 

Ntot=2 

Ntot=3 

Ntot=4 

1 

1 

0.642 

0.437 

0.328 

11 


0 358 

0.378 

0.31 

111 



0.185 

0.249 

IV 




0.113 




total 

1 

1 

1 

1 


25 


30 


liquid phase can be conskJer«) as being in plug flow, 'XThtrneStnTcoiumn ^^^^^^^^ single-stage reactor, 

r— srarrsrs^^^^^^^ 

limit With the multistage reactor it is possible: 

CrrSnShern.. corxiitions within each stage and in the whole reaction column, 
in this way .he peHormances ot the reactor are Improved in terms of conversion and producth/ity. 
Claims 

characterized in that: 

„ « p,„^ » ca.« .u„™ , numb, ol sfge. in o. . 2. », ..n,pe-a.u,e In each SW Ming con. 

Sand 50% (vol/vol.). 

. 2. Theprocessaccordingtoc.aim1,characten.^intha,thegasvelocityisfrom5to.00cnVs,.hel.uidvelocityfe 

from 0 to 2 cm/s. 

3. Theprocessaccordingtoclalm2,characten.edinthat,hegasve.odty,sfrom10to40crrVs,thel^uidv^^^^^^ 

from 0 to 1 cm/s. 

" 4. The process according to claim 1 . characterized in tha, the concentration of sotid in each stage is from 1 D to 45% 
(v/v). 

5. The process according to claim 4, characterized in that the concentration of solid in each stage is from 25 to 40=A 

55 (v/v). 

6. Theprocessacco*g.oclalm1.characterizedin«.atthetemperaturepro,llelsconstan,ineachsinglestageand 

equal for all the stages. 


40 
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7. The process according to clair^ 1 , characterized in that the number of stages is from 2 to 5. 

8. The process according to claim 7. wherein the number of stages is from 3 to 4. 


30 
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45 
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T/lKl 
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Fig.3 
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F i g.4 


N 


O ug =0,10 m/s 
□ ug-=0,20 m/s 
A ug =0,30 tn/s 
X ug =0.40 m/s 
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Fi_g3 


X:78% 

X:82% 

X=83,3 

• X = 84, 
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X =99/ 

'7o 
V. 

X:97,6 
^ 

X=99.5 

X:99,8< 

Xr99,9 

V. 




Xr99,9 

1 


234567 89 10 

N 


O u G = 0,10 m/s 
□ u°(; =0,20 m/s 
A u% =0,30 m/s 
X =0,40 tn/s 
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1,09- 

1,08- 

1.07- 

1,06- 

1,05- 

1,04 

1,03- 

1,02^ 

1,01- 


1B- 


N 


O u°c =0,10 m/s 
□ u^G =0,20 m/s 
A u°G =0,30 m/s 
X u^G =0,40 m/s 
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